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Abstract: We experimentally demonstrate a fundamentally new, entropy driven photon upconversion mechanism, where 10.6μ photons are tenfold up-converted to 1μ with efficiency of 10%. This work opens novel ways of converting thermal-radiation to electricity. Traditional frequency up-conversion (UC) effects in Nonlinear Optics (NLO) include coherent and incoherent processes, yet they all offer negligible efficiency when converting many (~10) photons into a single high-energy photon. This is because coherent processes are limited due to momentum conservation requirements, while in incoherent up-conversion the finite intermediate states lifetime requires huge intensities. For these reasons, the record efficiency of tenfold up-conversion is lower than 0.01%, which was achieved under pulse excitation at intensities of 10 15 W/cm; many orders of magnitude higher than currently available continuous wave (CW) sources [1] . In addition to these UC processes, which are driven by the single photon chemical potential [2] , thermodynamic work can be driven by any change of the Gibbs free energy of an optical system: dG=d[PV-TS+ μ], where P is pressure, V is volume, T is temperature, S is the entropy and μ is the sum of the system's chemical potentials. In most optical systems P and V are constant, thus the change in PV can be excluded. To the best of our knowledge, the change in the temperature and entropy of a system, TS, has never been used in NLO to generate new frequencies. Here, we utilize the system's change in the temperature and entropy for efficient tenfold frequency up-conversion from 10.6μm to 1μm.
To experimentally demonstrate this concept, we produced Yb 2 O 3 doped SiO 2 spherical micro-cavities, which are known to support whispering-gallery modes (WGMs) of Q-factors exceeding 10 7 [3] . We focus a CW CO 2 laser beam at 10.6μ wavelength onto the spherical resonator within an integrating sphere. The resonator emission between 0.4μ and 11μ wavelength is detected by a spectrograph and calibrated against a Black-Body source at 1200C. We also capture an image of the radiating resonator using Si CCD camera that detect only the Yb emission at 1μm. Figure 1 shows our experimental results. Instead of the uniform illumination expected from thermal emission, the up-converted Yb radiation resembles the spatial distribution of WGMs [3] , as shown in Fig. 1A and 1B. Figure 1C compares the resonator radiance with the radiance of bulk Yb 2 O 3 at 1650C, which is our maximal device temperature, just below the melting point of SiO 2 . As can be seen, the resonator emission has a sharp peak at 980nm which can be attributed to Ytterbium emission. This sharp peak is very different than the emission of Yb 2 O 3 under thermodynamic equilibrium. Figure 1D shows emission measurements in the IRregion, showing additional residual radiation beyond 2.4μ wavelength. Comparing these results with BlackBody radiance at 1650C reveals that the 980nm peak radiance exceeds the maximal possible radiance at the maximal possible device temperature, by approximately a factor of 4. Furthermore, the emission at 980nm contains 27% of the total emission power, and 1% of the total input power deposited into the system. Such efficiency is many orders of magnitude better than any related prior art we are 978-1-55752-973-2/13/$31.00 ©2013 Optical Society of America aware of. In fact, we are able to observe more than an order of magnitude enhancement in Ytterbium emission under partial pressure, where the total conversion efficiency is above 10%.
We suggest the following physical mechanism for the UC process: low entropy energy source as a single mode CO 2 laser can be focused to deliver high photon fluxes which translates to high heat flux upon absorption. Thus, although the single photon energy is relatively low (hυ ~ 0.1eV) the net free energy flux into the absorbing material is high due to very low source entropy. Theoretically, absorption of such a high heat flow could rise the temperature of an emissive (black) body to thousands of degrees, enabling its radiance mainly in the UV-Vis., according to Planck's Law, serving as a thermal broadband up-converter. Realistically, no material would stand these ultra-high temperatures. Our observation of Yb emission exceeding the maximal possible thermal emission ( fig. 1D) suggests that it originates in a temperature significantly higher than the bulks, which remains stable at temperature lower than the silica melting point of 1650C. In light of the silica properties, supporting resonant, non-radiating Surface-Phonon-Polaritons (SPhPs) at vibronic states matching the CO 2 laser energies [4] we argue that high non-equilibrium surface effective-temperatures are induced by resonant pumping of SPhPs. These surface states then non-radiatively transfer the energy to the emitting Yb dopant ions, giving rise to the enhanced, narrow band up-converted emission. The optical micro-resonator enhances the Yb fluorescence further via the Purcell effect, leading to the WGM population. This work demonstrated the feasibility of efficient multiphoton up-conversion process through an entropy driven mechanism, opening the way for efficient conversion of thermal-radiation to electricity, new light sources, and high-temperaturechemistry done at room-temperature.
